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ABSTRACT 

AII a r t i f i c i a l  g r a v i t y  exper iment  i s  one of several 
o p t i o n s  be ing  cons ide red  f o r  t h e  proposed second Skylab. I f  
t h e  s o l a r  p a n e l  c o n f i g u r a t i o n  of  t h e  f i r s t  Skylab i s  ma in ta ined ,  
it i s  desirable t h a t  t h e  Z-axis be t h e  s p i n  a x i s  and t h a t  it be 
p a r a l l e l  t o  t h e  s o l a r  v e c t o r .  R o t a t i o n a l  s t a b i . l i t y ,  however, 
r e q u i r e s  t h a t  t h e  s p i n  a x i s  be t h e  a x i s  of maximum moment of 
i n e r t i a .  The v e h i c l e  Z-axis and a x i s  of  maximum moment of  
i n e r t i a  can  be approximate ly  a l i g n e d  by modifying t h e  Skylab I 
c o n f i g u r a t i o n .  

Bias  g r a v i t y  g r a d i e n t  t o r q u e  and appa ren t  solar 
p r e c e s s i o n  t e n d  t o  cause  t h e  s p i n  a x i s  t o  r o t a t e  away from t h e  
s o l a r  v e c t o r .  However, t h e  s p i n  and sun v e c t o r s  can be  h e l d  
a l i g n e d  wi th  t h e  CSM reaction c o n t r o l  system. The amount of 
RCS f u e l  r e q u i r e d  each day i s  p r e s e n t e d  a s  a f u n c t i o n  of  t h e  
d i r e c t i o n  of s p i n  and t h e  sun l i n e - o r b i t  p l a n e  a n g l e ,  6. The 
s p i n  d i r e c t i o n  can be  chosen t o  minimize f u e l  requi rements  as 
t h e  0 angle h i s t o r y  d u r i n g  t h e  experiment  w i l l  be known be fo re -  
hand. 
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MEMORANDUM FOR FILE 

I n t r o d u c t i o n  

An a r t i f i c i a l  g r a v i t y  mis s ion  o p t i o n  i s  be ing  cons ide red  
f o r  t h e  proposed second Skylab. The a r t i f i c i a l  g f i e l d  i s  t o  be 
o b t a i n e d  by s p i n n i n g  t h e  v e h i c l e  about  i t s  mass c e n t e r .  Assuming 
t h a t  t h e  p l a n a r  s o l a r  a r r a y s  a r e ,  a s  i n  t h e  f i r s t  Skylab, perpen- 
d i c u l a r  t o  t h e  v e h i c l e  Z-axis, it i s  t h e n  d e s i r a b l e  t h a t  t h e  
v e h i c l e  Z-axis be t h e  s p i n  a x i s  and t h a t  it be a l i g n e d  p a r a l l e l  
t o  t h e  solar  v e c t o r  (see Figure  1). However, t h e  v e h i c l e  Z-axis 
i s  n o t  n e c e s s a r i l y  t h e  a x i s  of maximum moment of  i n e r t i a  ( 3 - a x i s ) ,  
and r o t a t i o n a l  s t a b i l i t y  r e q u i r e s  t h a t  t h e  s p i n  a x i s  be t h e  
3-ax is .  W i t h  t h e  a d d i t i o n  of b a l l a s t i n g  beams t o  t h e  Skylab I 
c o n f i g u r a t i o n ,  t h e  3-ax is  can  be brought  t o  w i t h i n  about  5' of  
t h e  v e h i c l e  Z-axis. Other Skylab I1 c o n f i g u r a t i o n s  under s t u d y  
( w i t h o u t  t h e  ATM) can,  w i t h  c a r e f u l  a t t e n t i o n  t o  mass d i s t r i b u -  
t i o n ,  a c h i e v e  s i m i l a r  a l ignment .  

I t  i s  p e r f e c t l y  f e a s i b l e  t o  i n i t i a l l y  a l i g n  t h e  s p i n  
a n g u l a r  momentum vector wi th  t h e  3-axis  and w i t h  t h e  solar  v e c t o r ,  
and t h e  power p e n a l t y  i s  almost n e g l i g i b l e .  But t h e r e  are t w o  
e f f e c t s  which t e n d  t o  move t h e  3-ax is  o f f  t h e  sun l i n e .  These 
are t h e  bias  g r a v i t y  g r a d i e n t  t o r q u e  which c a u s e s  a p r e c e s s i o n  
of  t h e  s p i n  a n g u l a r  momentum v e c t o r  and t h e  appa ren t  solar  pre-  
c e s s i o n .  Th i s  memorandum computes t h e  d a i l y  CSM RCS f u e l  r e q u i r e d  
t o  compensate f o r  t h e s e  p recess ion  e f f e c t s .  

G r a v i t y  Grad ien t  Torque 

Before d i s c u s s i n g  t h e  e f f e c t  of g r a v i t y  g r a d i e n t  t o r q u e ,  
it i s  b e n e f i c i a l  t o  i n t r o d u c e  t h e  s p i n  a n g u l a r  momentum v e c t o r * ,  
- H ,  d e f i n e d  by 

*Underl ined l e t te rs  r e p r e s e n t  v e c t o r  q u a n t i t i e s ;  t h e  l e t t e r  
a l o n e  r e p r e s e n t s  t h e  magnitude of t h e  v e c t o r .  
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where I3 i s  t h e  maximum p r i n c i p a l  (3 -ax i s )  moment of  i n e r t i a  
and o3 i s  t h e  s t a b l e  s p i n  angu la r  v e l o c i t y  v e c t o r .  

acts  i n  
t h e  o r b i t a l  p l a n e  and t e n d s  t o  cause  p r i m a r i l y  a p r e c e s s i o n  of 
t h e  s p i n  a n g u l a r  momentum v e c t o r .  R e s u l t s  o f  more thorough 
a n a l y s e s ,  now i n  p r o g r e s s ,  suppor t  t h i s  c o n t e n t i o n .  T h i s  e f f e c t  
i s  p i c t u r e d  i n  F igu re  2 .  The change i n  a n g u l a r  momentum due t o  
%G' '%Gf 
t h e  o r b i t a l  p l ane .  The magnitude of TGG averaged over an o r b i t  

i s  

TGG 
The b i a s  g r a v i t y  g r a d i e n t  t o r q u e  v e c t o r ,  

i s  p e r p e n d i c u l a r  t o  t h e  sun l i n e  and i s  p a r a l l e l  t o  

- 3 2  
( T ~ ~ )  AVG - 8 w o  ( 2 1 3  - I1 - 12) s i n  2 8  

where w i s  t h e  o r b i t a l  r a t e ,  11, I*, and I3 are t h e  moments of 
i n e r t i a  abou t  t h e  v e h i c l e  minimum, i n t e r m e d i a t e  and maximum 
p r i n c i p a l  axes  of  i n e r t i a ,  r e s p e c t i v e l y ,  and B i s  t h e  minimum 
a n g l e  between t h e  o r b i t a l  p l ane  and t h e  sun  l i n e .  On a p e r  o r b i t  
b a s i s ,  

0 

fT 
d t  = T AHGG ( p e r  o r b i t )  = i 0  ( T ~ ~ ) A V G  ( T ~ ~ ) A V G  ( 3 )  

where T i s  t h e  o r b i t a l  per iod .  I t  i s  clear from ( 2 )  and ( 3 )  
t h a t  AHGG i s  dependent  on t h e  s i g n  of 6. 
F i g u r e  2 ,  w i t h  H toward t h e  sun, A%, i s  d i r e c t e d  o u t  of t h e  page 
f o r  B > 0 and i n t o  t h e  page f o r  8 < 0. 

For  t h e  c o n d i t i o n s  of 

- 

S o l a r  P recess ion  

Apparent s o l a r  p r e c e s s i o n  i s  t h e  9 f f e c t  due t o  t h e  
e a r t h ' s  r o t a t i o n  about  t h e  sun; i t s  r a t e ,  y,  assumed c o n s t a n t ,  
-- i c .  

= 0.9856 O/day. 360' 
= 364.25 days 
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I t  a p p e a r s  as though t h e  v e h i c l e  i s  expe r i ?nc ing ,  w i t h  r e s p e c t  
t o  t h e  sun,  a change i n  a n g u l a r  momentum, H where 

SP’ 

or from (11, 

AH ( p e r  o r b i t )  = 13w3yT.  
SP - 

(4) 

The v e c t o r  AH i s  p e r p e n d i c u l a r  t o  t h e  p l a n e  formed by t h e  sun 
l i n e  and t h e  normal t o  t h e  e c l i p t i c .  For t h e  c o n d i t i o n s  o f  
F i g u r e  2 ,  AH i s  d i r e c t e d  o u t  o f  t h e  page. 

-SP 

-SP 

Combined S o l a r  P recess ion  - G r a v i t y  Gradien t  P recess ion  Con t ro l  

Over a 30-day mis s ion ,  changes d i r e c t i o n  
( i n c l i n a t i o n  and s e n s e )  w i t h  r e s p e c t  t o  AH I t  t h e n  fo l lows  

from t h e  r e l a t i o n s h i p  
-sp 

COMBINED ESTIMATE SEPARATE ESTIMATE 

t h a t  t h e  b e s t  estimate of r e q u i r e d  f u e l  i s  o b t a i n e d  by 
compensating f o r  t h e  combined e f f e c t  of s o l a r  and g r a v i t y  
g r a d i e n t  p recess ion .  Di rec t  a d d i t i o n  of  t h e  v e c t o r  magnitudes 
would r e s u l t  i n  an u n r e a l i s t i c a l l y  c o n s e r v a t i v e  f u e l  r e q u i r e -  
ment. I n  o r d e r  t o  es t imate  t h e  needed f u e l ,  a knowledge of 
t h e  inc luded  a n g l e ,  4, between A S G  and AH 

a n g l e  I$ i s  dependent  on launch pa rame te r s ,  o r b i t  parameters  
and t i m e  of y e a r .  However, t h e  extreme v a l u e s  of  I$ as a 
f u n c t i o n  of B can be computed and t h e  upper and lower bounds 
on t h e  r e q u i r e d  f u e l  fo l low d i r e c t l y .  The Appendix has  d e t a i l s  
of t h e  d e r i v a t i o n  of t h e  angle  I$. 

i s  r e q u i r e d .  The 
-SP 
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E s t i m a t e s  o f  t h e  d a i l y  f u e l  r e q u i r e d  t o  c o n t r o l  g r a v i t y  
g r a d i e n t  and s o l a r  p recess ion  are p r e s e n t e d  i n  F igu re  3. Fue l  
r e q u i r e d  ( lb s /day )  i s  p l o t t e d  as a f u n c t i o n  of  B angle .  The 
fo l lowing  d a t a  formed t h e  b a s i s  f o r  t h e  r e s u l t s :  

h ( o r b i t  a l t i t u d e )  = 235 NM 

= 929,354 SLUG FT2 I1 

= 4 , 4 0 4 , 9 4 7  SLUG FT2 = 2  

2 = 4,572,216 SLUG FT I 3  

I ( s p e c i f i c  impulse 
sp of CSM RCS f u e l )  = 273 SEC 

i ( o r b i t  i n c l i n a t i o n )  = 50° 

= 0.6283 RAD/SEC = 6 RPM O3 

The above i n e r t i a  p r o p e r t i e s  a re  d e r i v e d  from Skylab I,  
augmented f o r  a one y e a r  mis s ion ,  and i n c l u d e  b a l l a s t i n g  beams 
f o r  mass p r o p e r t i e s  c o n t r o l .  

I n  a d d i t i o n  t o  t h e  l i m i t s  o f  t h e  a n g l e  4 ,  t h e  f u e l  
estimates account  f o r  t h e  27.75' and 62.25O o f f - s e t s  of  t h e  
CSM RCS t h r u s t e r  pods from t h e  Skylab Y-axis. The d i s t a n c e  
from t h e  CSM t h r u s t e r s  t o  t h e  i n e r t i a l  c o n t r o l  a x i s  v a r i e s  
s i n u s o i d i l y  over  t h e  s p i n  cyc le .  It  w a s  assumed t h a t  t h e  t h r u s t -  
ers would be f i r e d  over  one- ten th  o f  t h e  s p i n  c y c l e  (see F igure  
4 )  such t h a t  a t  t h e  mid-point of  t h e  f i r i n g ,  t h e  maximum avai la-  
b l e  moment arm (41.75 f ee t )  e x i s t s .  The moment arm used f o r  
f u e l  estimates (39 .01  f ee t )  is t h e  average t h a t  e x i s t s  ove r  t h e  
one- ten th  circumference.  

The bounds on t h e  f u e l  es t imates  d e r i v e  from two cases: 

C a s e  1) The f u e l  c a l c u l a t i o n  i s  based on t h e  ang le  $ where $ 
i s  computed, from E q .  < A - ' 7 j ,  u s ing  t h e  maximum v a i u e  
o f  t h e  a n g l e  b e t w e e n  t h e  e c l i p t i c  and o r b i t a l  p l a n e s .  
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C a s e  2 )  The f u e l  c a l c u l a t i o n  i s  based  on t h e  ang le  + where + 
i s  computed from Eq. ( A - 7 )  u s i n g  t h e  minimum v a l u e  
of  t h e  a n g l e  b e t w e e n  t h e  e c l i p t i c  and o r b i t a l  p l a n e s  
f o r  -26.55" < 6 5 26.55" when AH and AH cannot  be 

c o l i n e a r .  The remainder of t h e  cu rve ,  1 6 1  > 26.55", 
i s  based on c o l i n e a r i t y  of  t h e  A%G and AH v e c t o r s ,  
i n  t h e  same d i r e c t i o n  when B i s  p o s i t i v e  and i n  
o p p o s i t e  d i r e c t i o n s  when B i s  n e g a t i v e .  

-GG --sP - 

--sP 

The bounds merge a t  8 = k73.45" s i n c e  AH and AH 
-GG --sP 

are c o l i n e a r  a t  t h e s e  p o i n t s ;  t h e y  a l s o  merge a t  B = 0 s i n c e ,  
from (1) and ( 2 1 ,  A S G  i s  zero .  

Conclusion 

I n  t h i s  memorandum, t h e  d i r e c t i o n  of v e h i c l e  s p i n  
was chosen so  t h a t  H p o i n t s  toward t h e  sun. From a f u e l  s t and-  
p o i n t ,  it is  c lear  From Figure  3 t h a t  t h e  greatest  economy can 
be ach ieved  by conduct ing  t h e  exper iment  a t  a t i m e  when < + l o " .  
I f  t h e  v e h i c l e  i s  spun i n  t h e  o p p o s i t e  d i r e c t i o n ,  so t h a t  H 
p o i n t s  away f r o m  t h e  sun, t h e n  t h e  s i g n  of  B on F igure  3 is 
r e v e r s e d  and t h e  greatest  economy r e s u l t s  when B > -10". C l e a r -  
l y , t h e  f u e l  requi rement  for c o n t r o l  o f  g r a v i t y  g r a d i e n t  and 
s o l a r  p r e c e s s i o n  can  be minimized by s e l e c t i n g  t h e  d i r e c t i o n  
of the s p i n  vector, g3, so  t h a t  s o l a r  p r e c e s s i o n  opposes g r a v i t y  
g r a d i e n t  p r e c e s s i o n  for  as grea t  a p o r t i o n  of t h e  exper iment  as 
p o s s i b l e .  

R. J. Ravera 

R J R  1 0  2 2 -wH- c f W. W. H o u 6  

Attachments 
F i g u r e s  1 - 4  
Appendix 
R e  f e r e n  ce s 
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FIGURE 1 - SKYLAB CONFIGURATION 



ECLIPTIC PLANE 

EFFECT OF GRAVITY GRADIENT TORQUE 
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APPENDIX 

The purpose of t h i s  Appendix i s  t o  compute t h e  l i m i t s  
on $, t h e  inc luded  a n g l e  between A $ ~  and AH 

of 6. Figure  A - 1  i l l u s t r a t e s  t h e  u n i t  v e c t o r  normal t o  t h e  
o r b i t a l  p l a n e ,  n 

n . Both are i n  t h e  e c l i p t i c - n o r t h  hemisphere,  and t h e  a c u t e  

a n g l e  between them i s  E .  This  ang le  E v a r i e s  w i th  t i m e  because 
of o r b i t a l  r e g r e s s i o n ,  b u t  i t  i s  bounded between a minimum v a l u e  

, as a f u n c t i o n  
-SP 

and a v e c t o r  normal t o  t h e  e c l i p t i c  p l a n e ,  
--oP 

-e 

and a maximum v a l u e  

= i + e  MAX E 

where i i s  t h e  o r b i t a l  i n c l i n a t i o n  and e i s  t h e  ang le  between 
t h e  e c l i p t i c  and e q u a t o r i a l  p l anes  (e = 2 3 . 4 5 ' ) .  These l i m i t i n g  
v a l u e s  of E are r e l a t e d  t o  t h e  l i m i t i n g  v a l u e s  of 4 .  
A - 1 ,  S i s  t h e  s o l a r  v e c t o r .  When E i s  a f i x e d  v a l u e  (such as an 
above - l imi t ) ,  n w i l l  l i e  on  t h e  i l l u s t r a t e d  cone, and i t s  
p o s i t i o n  on t h a t  cone de termines  B ,  t h e  ang le  between t h e  s o l a r  
v e c t o r  and t h e  o r b i t a l  p l a n e  ( a n g l e  between n 

p e r p e n d i c u l a r  t o  S ) .  

I n  F igu re  

*P 

and t h e  p l a n e  
-0P 

- 
The u n i t  v e c t o r  t i s  p e r p e n d i c u l a r  t o  n and S wh i l e  - QP QP 

t h e  u n i t  v e c t o r  i s  p e r p e n d i c u l a r  t o  n+ and S. The v e c t o r  - 
i s  d i r e c t e d  a long  t and AH i s  d i r e c t e d  a long  &. $ i s  

%G QP -SP 
t h e  a n g l e  between t h e s e  v e c t o r s .  

n-- I' VI a fixed E,  the t i p  u i  I I  can be anywhere a iong  -0P 
t h e  r i m  of t h e  cone i n  F igu re  A-1;  when 6 = 0 ,  $ = E and when 
B = ? E ,  $ = 0 .  
r e l a t i o n s h i p s :  

The geometry of F igu re  A-1  y i e l d s  t h e  fo l lowing  



B E L L C O M M ,  I N C .  A- 2 

d = n s i n e  = s i n e  
OP 

and 

A = d cose = s i n €  cose 

I t  can  be observed t h a t  

d s i n e  = n s i n 6  = s i n 6  
OP 

Combining ( A - 1 )  and ( A - 3 )  

s i n 6  s i n e  = - s i n e  

The q u a n t i t y  A can a l s o  be expres sed  by 

A = n cos6 s i n $  = cos6 s i n 4  
OP 

Equat ing  ( A - 5 )  and (A-2) leads t o  

cos6 s i n +  = s i n e  cose  

S u b s t i t u t i n g  for  e from (A-41, ( A - 6 )  becomes 

s i n +  = - cos s i n e  B cos [sin-’ 1-11 

(A- 1 

( A - 2 )  

(A-3 1 

(A- 4 1 

(A-5 1 

(A-6 1 

(A-7 1 

Equat ion  ( A - 7 )  e s t a b l i s h e s  t h e  l i m i t s  on 4 ,  t h e  ang le  between 
AZGG and AH when t h e  cone a n g l e ,  E,  t a k e s  on t h e  p r e v i o u s l y  

mentioned va lues .  

can  change s i g n  by ( 2 )  and ( 3 )  of t h e  t e x t .  

-SP + i s  l i m i t e d  t o  t h e  f i r s t  q u a d r a n t ,  as A€& 



FIGURE A-1 - GEOMETRY FOR COMPUTATION OF $J 
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